This paper presents the effects of particle size and mixing ratio on the properties including physical, mechanical, and decay resistance of wood plastic composites (WPCs). In addition, it also presents the effects of immersion temperatures on water absorption (WA) and thickness swelling (TS) of the WPCs. WPCs with a thickness of 6 mm were fabricated from Albizia richardiana King & Prain wood particles and recycled polyethylene terephthalate (PET) by the flat-press method. To prepare the WPCs, two different wood particle sizes (0.5-1.0 and 1.01-2.0 mm) were used along with four different mixing ratios (w/w). Subsequently, the physical properties include density, moisture content, WA, and TS, and mechanical properties include modulus of elasticity (MOE) and modulus of rupture (MOR) of the produced WPCs was evaluated. Furthermore, decay resistance was evaluated by the weight loss percentage method. Moreover, the effects of immersion temperatures on WA and TS of WPCs after 24 h of immersion in water at three different temperatures, i.e., 25, 50, and 75 °C were investigated. Results showed that the wood particle size had impact on WPC's density (only 6% decreased with the increase of particle size); however, the density decreased by 29% when the wood particle content increased from 40 to 70%. The WA and TS gradually increased with the increase of particle content and decrease of particle size. In addition, WA and TS increased proportionately with increasing immersion temperature from 25 to 75 °C. Furthermore, the highest MOE (2570 N/mm 2 ) was found for the WPCs fabricated from large wood particles having the ration of 50:50 (wood particle:PET). For decay resistance, WPCs consisted of larger particles and higher PET content showed greater resistance against decay. Therefore, it is comprehensible that fabrication of the WPCs from 50% large particles and 50% PET is technically feasible and further improvement of WPC performance like enhancement of MOE and reduction of density using coupling agent and agricultural waste fibers, respectively, in the WPC formulation is recommended.
Introduction
Wood plastic composites (WPCs) are comparatively new generation of composite materials, which is a first growing and auspicious sector of both wood composite and plastic industries worldwide. It comprises a combination of wood (in various forms) and thermoplastic materials under heat and pressure [1] . In addition, the WPC matrix may contain additives that improve the quality of WPCs. Usually, virgin plastics are used for the fabrication of the WPCs.
However, recently, recycled plastics have gained attention to the researchers for the WPC fabrication [2, 3] . Recycled plastics that can be processed below the degradation temperature (200 °C) of wood are suitable for producing WPCs with emerging technologies [3, 4] .
Predominant technologies to fabricate WPCs are the extrusion and injection molding that are commercially less important [5] . Because manufacturing of WPCs with large-sized particles seems difficult with extrusion process due to its high machinery expense [6] and only three-dimensional forms are prepared by following injection molding [5] . Hence, to overcome all these problems, the flat-press method has been developed for fabrication of the WPCs [7, 8] . Fabrication of WPCs with the flat-press method in laboratory resembles to the standard procedure of composites production in industry. Compared to the extrusion and injection molding, higher productivity and lower pressing pressure requirement are the advantages of flat-press method. WPCs manufactured by following this method have larger dimension [9] . This process also ensures the low density of WPCs having the natural wood structure [8, 9] . Accordingly, along with the virgin materials, recycled materials including plastic and wood have significant potential for fabrication of WPCs with flat-press method [9] . Hence, many researches have been conducted on WPC fabrication with different mixing ratios of wood particles and thermoplastics using the flat-press method [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Rahman et al. [3] investigated the feasibility of recycled polyethylene terephthalate (PET) and sawdust as raw materials for WPC fabrication by flat-press method, where sawdust and PET were used as reinforcing material and binding agent, respectively. PET in the form of bottles and containers of food is abundant, because packaging industries used PET intensively. Recycling of PET offers a potential solution for preventing environmental pollution and scope for manufacturing of WPCs. The effects of different mixing ratios of sawdust and PET on the physical and mechanical properties of WPCs was only considered for the study [3] . However, the effect of different particle sizes on WPCs containing wood particles and PET has not been studied yet. In an earlier research, Chen et al. [6] reported that the large size wood particles increased the bending strength and decreased the density of composites. In the meantime, natural decay resistance or durability is another important issue for the WPCs performance and recent concerns about it is increasing [13] , because wood particles or fibers are biodegradable [13] and hygroscopic [2] in nature that exposed to extreme conditions. However, Rahman et al. [3] did not report the decay resistance of the WPCs in the earlier research. In addition, WPCs are designed for external use, where water absorption (WA) and varying exposure temperature are crucial factors affecting WPC performance [2] . Najafi et al. [2] reported that immersion temperature has negative effects on the WA of WPCs, and WA is one of the determining factors for the application of WPCs. Accordingly, research on the decay resistance and effect of immersion temperature on WA of WPCs containing wood particle and PET is imperative. Therefore, this study was designed to assess the effects of different mixing ratios and particle sizes on the physical and mechanical properties along with decay resistance of WPCs. Moreover, the effects of immersion temperatures on WA and thickness swelling (TS) of the WPCs were also studied.
Materials and methods

Preparation of raw materials
A freshly felled Raj koroi log (Albizia richardiana King & Prain) having 30 cm diameter and 14 m height was collected from Khulna, Bangladesh. The log was debarked and converted into wood chips using a traditional sharp hand-cutting tool. Afterwards, a laboratory scale grinder was used to convert the wood chips into particles. The particles were screened to remove smaller (< 0.5 mm) with mesh no. 35 and oversized (> 2 mm) particles with mesh no. 10. Subsequently, the particles were classified into small particle (A) and large particle (B) screening through mesh no. 18. The size of small and large particles was 0.5-1.0 (mesh no. 35 and 18) and 1.01-2.0 mm (mesh no. 18 and 10), respectively, according to ASTM E11-17 standard [14] . Consequently, wood particles were dried in a laboratory oven for 24 h at 103 ± 2 °C for reducing the moisture content to 2%. Besides, the post-consumer drinking water bottles (plastic grade 1) were collected locally and cleaned. A rotary grinder was used to produce PET powder. Then, PET powder was passed through a 60 mesh size sieve to remove the oversized particles. Afterwards, PET powder was dried at 103 ± 2 °C for 24 h to a moisture content of 3% or less with a laboratory oven. Density, melt flow index, and melting point of recycled PET were 1370 kg/m 3 , 18.4 g/10 min, and 260 °C, respectively.
Flat-pressed WPCs manufacturing
Small (A)-and large (B)-sized particles were mixed separately with PET powder for 6 min in a rotary-type blender for producing a homogeneous composite by following the formulation, as illustrated in Table 1 . Uniform mats were formed by placing the mixture on an aluminium caul plate using a forming box. The WPCs were fabricated according to the press cycle reported by Chen et al. [6] . The press cycle of this study involves maximum pressing temperature (190 °C), pressure (5 N/mm 2 ), pressing time (5 min), and pressure holding time, i.e., cold pressing (6 min). To avoid the degradation of wood components, pressing temperature (190 °C) was set below the melting temperature (260 °C) of PET [3] . Six replications of each type of WPC panels with 300 × 250 × 6 mm dimension were fabricated. The WPC panels were trimmed and conditioned at room temperature for 48 h before testing.
Evaluation of composite properties
To evaluate the physical and mechanical properties of each type of WPCs, all specimens were carefully prepared and tested according to the ASTM D1037 standard [15] . Moreover, the decay resistance test was done by following soil block test according to BS EN ISO 846: 1997 standard [16] . For each type of WPC, at least six specimens were used to evaluate each property. A total of 336 specimens from six replications of each type of WPC were used to evaluate the properties including physical properties, mechanical properties, and biological decay resistance of the WPCs. The physical properties include density, moisture content, WA, and TS; and the mechanical properties include modulus of elasticity (MOE) and modulus of rupture (MOR). The room temperature and relative humidity during the tests were 23 ± 2 °C and 65 ± 2%, respectively. The properties of the WPCs were compared with the ANSI standard [17] for wood-based panels, as there was no WPC panel standard for comparison [10] .
Physical properties
Physical properties were measured with the specimens that have the dimension 50 × 50 × 6 mm. Among the physical properties, density of the WPCs was measured by following the ASTM D1037 standard [15] . Moisture content of WPC specimens was measured with an oven dry method [15] , while the temperature was 103 ± 2 °C for 24 h. Moreover, in this study, WPC specimens were immersed in water for 24 h at 25 (room temperature), 50 and 75 °C, to measure the WA and TS according to Najafi et al. [2] . The WA and TS of the specimens were calculated as percentages.
Mechanical properties
MOE and MOR of the WPC specimens were measured by following the three point bending test with a universal testing machine (Model IB600, IMAL, Italy) according to the ASTM D1037 standard [15] . To determine the MOE and MOR, WPC panels were cut into rectangular sections having the dimension 240 × 50 × 6 mm.
Decay resistance
Weight loss is considered as an indicator of natural decay of the WPCs that was evaluated by soil burial test in a glass box (100 × 60 × 55 cm) according to BS EN ISO 846 standard [16] . Eight different glass boxes were used for eight types of samples. The dimension of the WPC specimens was 20 × 20 × 6 mm. Containers were filled with natural soil having 50% moisture content and 90% moisture holding capacity. The moisture holding capacity of the soil was calculated by the oven dry method of the moisture content determination. The specimens were placed in permanent contact of the soil for 12 weeks at room temperature (23 ± 2 °C). Six specimens of each type of WPC were planted vertically into the soil, maintaining a fixed distance of 3 cm from each other. Activities of the soil microorganisms were monitored clearly using Shirley cotton stripes. After 12 weeks, weight loss percentage of the WPC specimens was calculated using the oven dry method.
Statistical analysis
Analysis of data was carried out with the SPSS software (version 16.0) at the 95% confidence level. To determine the effects of particle size and mixing ratio on density, moisture content, MOE, MOR, and decay resistance, two-way analysis of variance (ANOVA) followed by least significant difference (LSD) test was carried out. Furthermore, the effects of particle size, ratio, and immersion temperature on WA and TS of the WPCs was analyzed with the analysis of covariance (ANCOVA), where particle size and ratios were the factors and immersion temperature was covariate.
Results and discussion
Physical properties
Two-way ANOVA followed by LSD showed significant effect of particle sizes (F 1,40 = 568.868, P < 0.05) and mixing ratios (F 3,40 = 1.640 × 10 3 , P < 0.05) on the density of the WPCs. The density of WPCs from small and large particles ranged from 849 to 1100 and 801 to 1047 kg/m 3 , respectively. It was observed that the density for WPCs of both A-and B-type particles decreased with the increased particle content in the formulations from 40 to 70%. Moreover, A-40-type WPCs showed higher density (1100 kg/ m 3 ), while B-70-type WPCs showed the lowest density (801 kg/m
3 ) compared to the other formulations (Fig. 1 ). For increased particle content of 40-70%, the density of the WPCs decreased up to around 29%. However, 6% reduction of density was observed for large size particles compared to small particles. The density variations might be the outcome of the both particle size and mixing ratios of particle to PET in the formulations. Higher surface area of fine particles ensures equal spreading of adhesive with high compaction ratio resulting higher density of the WPCs. In addition, smaller particles contain fewer pores and hollow areas, which increase that the WPCs weight eventually contributes to increasing density that might be another cause. Therefore, WPCs from small particles showed higher density than larger particles because of high compaction ratio and lower pores [3] and this result is supported by Chen et al. [6] . The results of this study comply with the results reported by Chen et al. [6] and Rahman et al. [3] regarding the density variation with respect to the mixing ratios. However, the average density of WPCs panels met the requirement of high-density (800 kg/m 3 ) particleboard according to the ANSI standard [17] that indicate the density of WPCs need to reduce. Thus, to attain medium density of the WPCs, further research is imperative, where agricultural waste fibers along with the higher particle content; the addition of coupling agent in the WPC formulation could be potential solution.
The moisture content of WPCs varied significantly based on particle sizes (F 1,40 = 248.424, P < 0.05) and mixing ratios (F 3,40 = 741.52, P < 0.05) according to the two-way ANOVA followed by LSD. The moisture content of the fabricated WPCs ranged between 0.79 and 2.24% (Fig. 2) . B-70 WPCs showed higher moisture content (2.24%), while A-70 showed 2.01% moisture content. On the other hand, A-40-type WPCs showed the lowest moisture content among all the composites. Like wood particles, PET is hydrophobic in nature and has a tendency to impede the access of moisture into composites. In addition, rise of moisture content with the augmentation of particle size might be results of the higher number of pore in large particles, which may create openings for moisture movement into composites. Moreover, the increased moisture content of the WPCs is due to the presence of gaps that flaws in the interface and microcracks in the matrix [18] . Later, Rahman et al. [3] reported similar results of moisture content for the WPCs fabricated from sawdust and PET at four different mixing ratios. In addition, the results of this study comply with the research of Chen et al. [6] for the composites made of high-density polyethelene (HDPE) and different size recycled wood particles. Usually, the increasing plastic content in the matrix decreases the moisture content of WPCs. According to ANSI standard [17], the average moisture content of composite should not exceed 10% (based on oven dry weight). Thus, the moisture content of the composites was substantially lower than that of the required standard and moisture content of the WPCs depend on the plastic content.
Statistical analysis (ANCOVA) of WA considering the particle sizes (F 1,135 = 312.332, P < 0.05), mixing ratios (F 3,40 = 1.987 × 10 3 , P < 0.05), and immersion temperatures (F 1,40 = 2.671 × 10 3 , P < 0.05) revealed that there was significant difference among the WPCs. Like WA, TS of the WPCs was affected significantly by the particle sizes (F 1,135 = 124.071, P < 0.05), mixing ratios (F 3,135 = 440.463, P < 0.05), and immersion temperatures (F 1,135 = 440.167, P < 0.05). With the increased particle content and immersion temperature, WA and TS increased for WPCs from both A and B size particles. Moreover, 70:30 wood-plastic mixing ratio showed higher WA and TS compared to the other mixing ratios for both-A and B-type composites (Figs. 3, 4) . The hydrophilic nature of wood might be responsible for these accredited results. The molecular structure of wood consists of hydroxyl groups, which generally responsible for the affinity to water [1] . These hydroxyl groups increase the potentiality Fig. 1 Effects of wood particle size and mixing ratio on density of Aand B-type WPCs. In figure, error bars indicate the standard error of the mean Fig. 2 Effects of wood particle size and mixing ratio on moisture content of A-and B-type WPCs. In figure, error bars indicate the standard error of the mean of WA under humid condition of WPCs [18] . Moreover, WPCs made from large particles showed lower WA and TS than the WPCs made of small particles. It was also evident that higher WA results in higher TS of the WPCs (Figs. 3, 4) . After 24 h immersion in water, WPCs contained having large particles showed 4-27% lower WA than smaller particles. The immersion temperatures also showed a substantial effect on WA and TS of the WPCs. With the increasing temperature from 25 to 75 °C, the WA and TS of composites increased in a higher percentage in this study and that supported by the results of WA with respect to immersion temperature reported in earlier study [2] . Moreover, Ayrilmis et al. [10] reported similar results for the variation in TS of WPCs. In the meantime, Najafi et al. [2] also reported that several other factors like surrounding temperature, plastic type and virginity also have an influence on the WA of WPCs. Therefore, WA and TS of WPCs depend on the particle size, mixing ratios of wood particle and PET and immersion temperature. Figure 5 illustrates the effect of particle sizes and mixing ratios on the MOE of the WPCs. Statistical analysis with two-way ANOVA followed by LSD showed significant difference for MOE between the WPCs made from two different particle sizes (F 1,40 = 219.288, P < 0.05) and among the four different mixing ratios (F 3,40 = 1.410 × 10 3 , P < 0.05). The increased wood particle content of 40-50% significantly increased the MOE values of both A and B types of WPCs. Furthermore, the average MOE for the A-50-and B-50-type WPCs was 2329 and 2570 N/mm 2 , respectively. The MOE of the WPCs started to decrease with the higher wood particle loading (from 60 to 70%) in the formulation (Fig. 5) . The poor interfacial interaction between wood and PET due to the lower quantity of PET in the WPC formulation might be the cause of this variation. In addition, higher melting temperature of PET (260 °C) than the pressing temperature (190 °C) of WPCs and thus, thermoplastic might not flow properly within the composites [3] and contributed to a limited scale in bond formation within the WPCs in this study. However, self-bonding mechanisms resulted from the lignocellulosic materials and processing parameters might also contributed in the bond formation among the particles of the WPCs. The self-bonding mechanisms encompass autocrosslinking reactions of lignin, hydrogen bonding between polar carbohydrate components like, cellulose, starch and lignin, and protein denaturation [19] . In the meantime, earlier researcher reported similar results regarding the increasing the particle content above 50%, reduces adhesive content in the formulation and that leads to inadequate bonding for attaining elevated modulus value [4] . Later, Rahman et al. [3] reported similar results for the WPCs from different mixing ratios of PET and saw dust, and it supported the results of this study. However, WPCs from both small and large particles with 40 and 50% particle content fulfilled the required standard of ANSI [17] (1725 N/mm 2 ) for medium density particleboard, while only MOE of the B-50 WPC fulfills the required standard of ANSI [17] for high-density particleboard (2400 N/mm 2 ). This indicates the need for further research to improve the MOE of the WPCs. Hence, further research with coupling agents might be a solution to improve the MOE of the WPCs with higher particle and lower PET content as the coupling agents facilitate the flow of thermoplastic matrix in the WPCs and enhance the compatibility between wood particles and thermoplastics [20] .
Mechanical properties
Unlike MOE, the MORs of the WPCs were significantly varied, considering the particle sizes (F 1,40 = 2.392 × 10 3 , P < 0.05) and mixing ratios (F 3,40 = 5.729 × 10 3 , P < 0.05) according to the ANOVA and post hoc test LSD. The MOR of A-and B-type WPCs gradually decreased with the increased wood particle content in the formulations from 40 to 70%. Moreover, B-type WPCs made of large particles showed greater MOR than A-type WPCs from small particles (Fig. 6 ). This may occur due to larger surface area of fine particles than large particle. Thus, the polymeric matrix cannot totally cover the surface area of fine particles that causes the poor interfacial interaction between the particles, and, thus, results in strength loss of composites [21] . Later, Chen et al. [6] reported similar results regarding the effects of particle size on mechanical properties of WPCs from HDPE and recycled wood particles. In addition, the results of this study comply with the results documented by Rahman et al. [3] for sawdust and PET composites at different mixing ratios. However, the results of MOR deviated from the results reported by Ayrilmis and Jarusombuti [8] that the MOR of the WPCs increased with the increasing wood particle content from 40 to 50% and decreased for further increase of the wood particle content. Moreover, MOR of the composites except for A-60 and A-70 fulfilled the required standard of ANSI [17] for high-density particleboard (16.5 N/mm 2 ). Nevertheless, all the formulations met the required standard for MOR of medium density particleboard (11 N/mm 2 ) [17]. Thus, MOR of the WPCs varied considerably based on particle sizes and mixing ratios and reached the required standard.
Decay resistance
The weight loss of both A-and B-type WPCs subjected to soil block test was depicted in Fig. 7 . Statistical analysis with two-way ANOVA followed by LSD showed that the weight loss of the WPCs was significantly affected by the particle sizes (F 1,40 = 249.499, P < 0.05) and mixing ratios (F 3,40 = 3.312 × 10 3 , P < 0.05). Moreover, it was observed that the weight loss of WPCs increased with the increasing wood particle content in the formulation from 40 to 70%. Moreover, B-type WPCs containing large particles showed a lower weight loss compared to the A-type WPCs containing small particles. The variations in weight loss might be due to decay resistance aptitude of PET as well as different mixing ratios in the WPC formulations. Besides, particle size might also be affected the weight loss of the WPC panels. However, WPCs fabricated from higher wood particle content showed higher weight loss, because wood is biodegradable in nature. Uniform distribution of thermoplastic matrix and better encapsulation of large wood particles through matrix might affected the weight loss of the WPCs in this study. Mankowski and Morrel [22] found similar results for pine/polyethylene composites. Pine/polyethylene composites with 70% particle content showed considerably higher weight loss than composites made of 50% particle content. Moreover, the results of this study also complied with the results reported by Verhey et al. [23] and Ebe and Sekino [13] , because WPCs with higher particle contents are more susceptible to natural decay. Moreover, Kartal et al. [24] described similar results that the composites having large particles showed a lower weight loss than the smaller particle sized specimens. However, wood plastic ratio may have a greater effect on decay resistance of WPCs rather than wood particle size as reported by Pendleton et al. [25] , which also support this study. Therefore, the results suggested that PET content in the WPC formulations plays the inhibiting role against natural decay exposed to controlled environmental conditions in this study.
Conclusion
The physical and mechanical properties as well as the decay resistance of the WPCs are significantly depend on the particle sizes and mixing ratios used in the formulations. Furthermore, B-type WPCs showed relatively lower density, WA, and TS with an exception of slightly higher moisture content than A-type composites. In the meantime, B-type WPCs made with 50% larger particles show elevated bending strength compared to all the WPCs. Besides, WA and TS of both types of WPCs substantially increased with the increase of immersion temperature from 25 to 75 °C. Furthermore, like physical and mechanical properties, decay resistance of composites varied with the particle sizes and particle content. Consequently, fabrication of WPCs with large particles (particularly 50% large particles that showed promising results) is technically feasible. However, the results also suggested that density reduction and/or improvement of MOE are inevitable. Therefore, it would be better to fabricate WPCs with agricultural waste fiber instead of wood particle to reduce density and coupling agent to enhance wood plastic interaction by reducing the melting temperature of PET and, thus, recommended for further research. 
